Context. Submillimetre galaxies (SMGs) in the early universe are the potential antecedents of the most massive galaxies we see in the present-day universe. An important step towards quantifying this galactic evolutionary connection is to investigate the fundamental physical properties of SMGs, like their stellar mass content (M ⋆ ) and star formation rate (SFR). Aims. We attempt to characterise the physical nature of a 1.1 mm-selected, flux-limited, and interferometrically followed up sample of SMGs in the COSMOS field. Methods. We used the latest release of the MAGPHYS code to fit the multiwavelength (UV to radio) spectral energy distributions (SEDs) of 16 of the target SMGs, which lie at redshifts z ≃ 1.6 − 5.3. We also constructed the pure radio SEDs of our SMGs using three different radio bands (325 MHz, 1.4 GHz, and 3 GHz). Moreover, since two SMGs in our sample, AzTEC1 and AzTEC3, benefit from previous 12 C 16 O line observations, we studied their properties in more detail. Results. The median and 16th-84th percentile ranges of M ⋆ , infrared (8 − 1 000 µm) luminosity (L IR ), SFR, dust temperature (T dust ), and dust mass (M dust ) were derived to be log(M ⋆ /M ⊙ ) = 10.96
Introduction
Submillimetre galaxies or SMGs (e.g. Smail et al. 1997; Hughes et al. 1998; Barger et al. 1998; Eales et al. 1999 ) are a population of some of the most extreme, dusty star-forming galaxies in the universe, and have become one of the prime targets for studying massive galaxy evolution across cosmic time (for a recent review, see Casey et al. 2014) . Abundant evidence has emerged that high-redshift (z 3) SMGs are the potential antecedents of the z ∼ 2 compact, quiescent galaxies (cQGs), which ultimately evolve into the presentday massive (M ⋆ ≥ 10 11 M ⊙ ), gas-poor elliptical galaxies (e.g. Swinbank et al. 2006; Fu et al. 2013; Toft et al. 2014; Simpson et al. 2014) . A better, quantitative understanding of the interconnected physical processes that drive the aforementioned massive galaxy evolution requires us to determine the key physical properties of SMGs, like the stellar mass (M ⋆ ) and star formation rate (SFR). Fitting the observed multiwavelength spectral energy distributions (SEDs) of SMGs provides an important tool for this purpose. The physical characteristics derived through SED fitting for a well-defined sample of SMGs -as done in the present study -can provide new, valuable insights into the evolutionary path from the z 3 SMG phase to local massive ellipticals. However, these studies are exacerbated by the fact that high-redshift SMGs are also the most dust-obscured objects in the early universe (e.g. Dye et al. 2008; Simpson et al. 2014) .
Further insight into the nature of SMGs can be gained by studying the infrared (IR)-radio correlation (e.g. Helou et al. 1985; Yun et al. 2001) of this galaxy population. On the basis of the relative strength of the continuum emission in the IR and radio wavebands, the IR-radio correlation can provide clues to the evolutionary (merger) stage of a starbursting SMG (Bressan et al. 2002) , or it can help identify radio-excess active galactic nuclei (AGN) in SMGs (e.g. Del Moro et al. 2013) . Moreover, because submillimetre-selected galaxies have been identified over a wide redshift range, from z ∼ 0.1 (e.g. Chapman et al. 2005 ) to z = 6.34 (Riechers et al. 2013) , it is possible to examine whether the IR-radio correlation of SMGs has evolved across cosmic time. A potentially important bias in the IR-radio correlation studies is the assumption of a single radio spectral index (usually the synchrotron spectral index ranging from α = −0.8 to −0.7, where α is defined at the end of this section) for all individual sources in the sample. Hence, the sources that have steep (α −1), flat (α ≈ 0), or inverted (α > 0) radio spectra will be mistreated under the simplified assumption of a canonical synchrotron spectral index (see e.g. Thomson et al. 2014) . As done in the present work, this can be circumvented by constructing the radio SEDs of the sources when there are enough radio data points available, and derive the radio spectral index values for each individual source.
Ultimately, a better understanding of the physics of star formation in SMGs (and galaxies in general) requires us to investigate the properties of their molecular gas content -the raw material for star formation. Two of our target SMGs benefit from previous 12 C 16 O spectral line observations (Riechers et al. 2010; Yun et al. 2015) , which, when combined with their SED-based properties derived here, enable us to investigate a multitude of their interstellar medium (ISM) and star formation properties.
In this paper, we study the key physical properties of a sample of SMGs in the Cosmic Evolution Survey (COSMOS; Scoville et al. 2007 ) deep field through fitting their panchromatic SEDs. The layout of this paper is as follows. In Sect. 2, we describe our SMG sample, previous studies of their properties, and the employed observational data. The SED analysis and its results are presented in Sect. 3. A comparison with previous literature and discussion of the results are presented in Appendix C and Sect. 4, respectively (Appendices A and B contain photometry tables and details of our target sources). The two high-redshift SMGs in our sample that benefit from CO observations are described in more detail in Appendix D. In Sect. 5, we summarise the results and present our conclusions. The cosmology adopted in the present work corresponds to a spatially flat ΛCDM (Lambda cold dark matter) universe with the present-day dark energy density parameter Ω Λ = 0.70, total (dark+luminous baryonic) matter density parameter Ω m = 0.30, and a Hubble constant of H 0 = 70 km s −1 Mpc −1 . A Chabrier (2003) Galactic-disk initial mass function (IMF) is adopted in the analysis. Throughout this paper we define the radio spectral index, α, as S ν ∝ ν α , where S ν is the flux density at frequency ν.
Data
2.1. Source sample: the JCMT/AzTEC 1.1 mm-selected SMGs
The target SMGs of the present study were first uncovered by the λ obs = 1.1 mm survey of a COSMOS subfield (0.15 deg 2 or 7.5% of the full 2 deg 2 COSMOS field) carried out with the AzTEC bolometer array on the James Clerk Maxwell Telescope (JCMT) by Scott et al. (2008) . The angular resolution of these observations was 18
′′ (full-width at half maximum or FWHM). The 30 brightest SMGs that comprise our parent flux-limited sample were found to have de-boosted flux densities of S 1.1 mm ≥ 3.3 mJy, which correspond to signal-to-noise ratios of S/N 1.1 mm ≥ 4.0 (see Table 1 in Scott et al. 2008 ). The 15 brightest SMGs, called AzTEC1-15 (S/N 1.1 mm = 4.6 − 8.3), were followed up with the Submillimetre Array (SMA) at 890 µm (2 ′′ resolution) by Younger et al. (2007 Younger et al. ( , 2009 ; see also Younger et al. 2008 Younger et al. , 2010 Smolčić et al. 2011; Riechers et al. 2014; M. Aravena et al., in prep.) ; all the SMGs were interferometrically confirmed. Miettinen et al. (2015a;  hereafter Paper I) presented the follow-up imaging results of AzTEC16-30 (S/N 1.1 mm = 4.0 − 4.5) obtained with the Plateau de Bure Interferometer (PdBI) at λ obs = 1.3 mm (∼ 1 ′′ . 8 resolution). In Paper I, we combined our results with the Younger et al. (2007 Younger et al. ( , 2009 ) SMA survey results, and concluded that ∼ 25% of the 30 single-dish detected sources AzTEC1-30 are resolved into multiple (two to three) components at an angular resolution of about ∼ 2 ′′ , making the total number of interferometrically identified SMGs to be 39 among the 30 target sources (but see Appendix B.3 herein for a revised fraction). Moreover, the median redshift of the full sample of these interferometrically identified SMGs was determined to be z = 3.17 ± 0.27, where the quoted error refers to the standard error of the median computed as σ median = 1.253 × σ/ √ N, where σ is the sample standard deviation, and N is the size of the sample (e.g. Lupton 1993 ). This high median redshift of our target SMGs can be understood to be caused by the long observedwavelength of λ obs = 1.1 mm at which the sources were identified (Béthermin et al. 2015 ; see also Strandet et al. 2016) . The corresponding median rest-frame wavelength probed by 1.1 mm observations, λ rest ≃ 264 µm, is very close to that of the classic 850 µm-selected SMGs lying at a median redshift of z ≃ 2.2 (λ rest ≃ 266 µm; Chapman et al. 2005) . Miettinen et al. (2015b; hereafter Paper II) found that ∼ 46% of the present target SMGs are associated with ν obs = 3 GHz radio emission on the basis of the observations taken by the Karl G. Jansky Very Large Array (VLA)-COSMOS Table 1 . Source list. The 16 sources for which a UV-radio SED could be properly fit are highlighted in boldface (see Sect. 3.1 Notes. The coordinates given in columns (2) and (3) for AzTEC1-15 refer to the SMA 890 µm peak position (Younger et al. 2007 (Younger et al. , 2009 , while those for AzTEC16-30 are the PdBI 1.3 mm peak positions (Paper I). (a) The z spec , z phot , and z radio/submm values are the spectroscopic redshift, optical-near-IR photometric redshift, and the redshift derived using the Carilli-Yun redshift indicator (Carilli & Yun 1999 . The z references in the last column are as follows: 1 =Yun et al. 2015; 2 =M. Baloković et al., in prep.; 3 =Riechers et al. 2010 and Capak et al. 2011 ; 4 =A forthcoming paper on the redshift distribution of the ALMA-detected ASTE/AzTEC SMGs (D. Brisbin et al., in prep.) ; 5 =Paper I; 6 =Smolčić et al. 2012; 7 =D. A. Riechers et al., in prep.; 8 =M. Salvato et al., in prep. ; 9 =COSMOS2015 catalogue (Laigle et al. 2016 ; see our Appendix B.1).
(b) AzTEC11 was resolved into two 890 µm sources (N and S) by Younger et al. (2009) . The two components are probably physically related, i.e. are at the same redshift (see discussion in Paper II).
(c) AzTEC14 was resolved into two 890 µm sources (E and W) by Younger et al. (2009) . The eastern component appears to lie at a higher redshift than the western one (Smolčić et al. 2012) .
(d) The PdBI 1.3 mm source candidates AzTEC24a and 24c were not detected in the ALMA 1.3 mm imaging of AzTEC24 (M. Aravena et al., in prep.) , and hence are very likely to be spurious.
(e) The position of AzTEC24b was revised through ALMA 1.3 mm observations to be α 2000.0 = 10 h 00 m 39 s .294, δ 2000.0 = +02
• 38 ′ 45 ′′ . 10, i.e. 2 ′′ . 55 away from the PdBI 1.3 mm feature (M. Aravena et al., in prep.).
(f) AzTEC25 was not detected in the 1.3 mm PdBI observations (Paper I).
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Multiwavelength photometric data
Our SMGs lie within the COSMOS field, and hence benefit from rich panchromatic datasets across the electromagnetic spectrum (from X-rays to radio). To construct the SEDs of our sources, we employed the most up-to-date photometric catalogue COSMOS2015, which consists of extensive ground and space-based photometric data in the optical to mid-IR wavelength range (Laigle et al. 2016 ; see also Capak et al. 2007; Ilbert et al. 2009 ).
The wide-field imager, MegaCam (Boulade et al. 2003) , mounted on the 3.6 m Canada-France-Hawaii Telescope (CFHT), was used to perform deep u * -band (effective wavelength λ eff = 3 911 Å) observations. Most of the wavelength bands were observed using the Subaru Prime Focus Camera (Suprime-Cam) mounted on the 8.2 m Subaru telescope (Miyazaki et al. 2002; Taniguchi et al. 2007 Taniguchi et al. , 2015 . These include the six broad-band filters B, g + , V, r, i + , and z ++ , the 12 intermediate-band filters IA427, IA464, IA484, IA505, IA527, IA574, IA624, IA679, IA709, IA738, IA767, and IA827, and the two narrow bands NB711 and NB816. The Subaru/Hyper Suprime-Cam (Miyazaki et al. 2012 ) was used to perform observations in its HSC-Y band (central wavelength λ cen = 0.98 µm). Near-infrared imaging of the COSMOS field in the Y (1.02 µm), J (1.25 µm), H (1.65 µm), and K s (2.15 µm) bands is being collected by the UltraVISTA survey (McCracken et al. 2012; Ilbert et al. 2013) 1 . The UltraVISTA data used in the present work correspond to the data release version 2 (DR2). The Wide-field InfraRed Camera (WIRCam; Puget et al. 2004 ) on the CFHT was also used for H-and K sband imaging. Mid-infrared observations were obtained with the Infrared Array Camera (IRAC; 3.6-8.0 µm; Fazio et al. 2004) and the Multiband Imaging Photometer for Spitzer (MIPS; 24-160 µm; Rieke et al. 2004 ) on board the Spitzer Space Telescope as part of the COSMOS Spitzer survey (S-COSMOS; Sanders et al. 2007 ). The IRAC 3.6 µm and 4.5 µm observations used here were taken by the Spitzer Large Area Survey with Hyper Suprime-Cam (SPLASH) during the warm phase of the mission (PI: P. Capak; see Steinhardt et al. 2014 ). Farinfrared (100, 160, and 250 µm) to submm (350 and 500 µm) Herschel 2 continuum observations were performed as part of the Photodetector Array Camera and Spectrometer (PACS) Evolutionary Probe (PEP; Lutz et al. 2011 ) and the Herschel Multitiered Extragalactic Survey (HerMES 3 ; Oliver et al. 2012 ) programmes.
From the ground-based single-dish telescope data, we used the deboosted JCMT/AzTEC 1.1 mm flux densities reported by Scott et al. (2008; their Table 1 ). Moreover, for three of our SMGs (AzTEC5, 9, and 19a) we could use the deboosted JCMT/Submillimetre Common User Bolometer Array (SCUBA-2) 450 µm and 850 µm flux densities from Casey et al. (2013) (for AzTEC9 only a deboosted 850 µm flux density was available). More importantly, our SMGs benefit from interferometrically observed (sub)mm flux densities. Among AzTEC1-15, we used the 890 µm flux densities measured with the SMA by Younger et al. (2007 Younger et al. ( , 2009 , while for sources among AzTEC16-30 we used the PdBI 1.3 mm flux densities from Paper I. AzTEC1 was observed at 870 µm with ALMA dur-ing the second early science campaign (Cycle 1 ALMA project 2012.1.00978.S; PI: A. Karim), and its 870 µm flux densityas measured through a two-dimensional elliptical Gaussian fitis S 870 µm = 14.12 ± 0.25 mJy. We also used the PdBI 3 mm flux density for AzTEC1 from Smolčić et al. (2011; S 3 mm = 0.30 ± 0.04 mJy). Riechers et al. (2014) used ALMA to measure the 1 mm flux density of AzTEC3 (S 1 mm = 6.20 ± 0.25 mJy). Finally, we employed the 1.3 mm flux densities from the ALMA follow-up survey (Cycle 2 ALMA project 2013.1.00118.S; PI: M. Aravena) by M. Aravena et al. (in prep.) of 129 SMGs uncovered in the Atacama Submillimetre Telescope Experiment (ASTE)/AzTEC 1.1 mm survey (Aretxaga et al. 2011) . Among the ALMA 1.3 mm-detected SMGs there are nine sources in common with the current SED target sources (AzTEC1, 4, 5, 8, 9, 12, 15, and 24b; moreover, AzTEC2, 6, detected with ALMA at λ obs = 1.3 mm).
To construct the radio SEDs for our SMGs, we employed the 325 MHz observations taken by the Giant Meterwave Radio Telescope (GMRT)-COSMOS survey (A. Karim et al., in prep.) . We also used the radio-continuum imaging data at 1.4 GHz taken by the VLA (Schinnerer et al. 2007 , and at 3 GHz taken by the VLA-COSMOS 3 GHz Large Project (PI: V. Smolčić et al. 2016b ; see also Paper II). Hence, we could build the radio SEDs of our SMGs using data points at three different frequencies.
A selected compilation of mid-IR to mm flux densities of our SMGs are listed in Table A .1, while the GMRT and VLA radio flux densities are tabulated in Table A ′′ at 250, 350, and 500 µm, respectively) observations, the Herschel flux densities were derived using a point-spread-functionfitting method, guided by the known position of Spitzer/MIPS 24 µm sources, i.e. we used the 24 µm-prior based photometry (Magnelli et al. 2012) given as part of the COSMOS2015 catalogue (Laigle et al. 2016 ) whenever possible. Because AzTEC1, 3, 4, 8, 9, 10, and 17a are reported as non-detections at 24 µm in the COSMOS2015 catalogue, we adopted their Herschel flux densities from the PACS and SPIRE blind catalogues 4 .
Analysis and results
3.1. Spectral energy distributions from UV to radio wavelengths 3.1.1. Method
To characterise the physical properties of our SMGs, we constructed their UV to radio SEDs using the multiwavelength data described in Sect. 2.2. The observational data were modelled using the Multiwavelength Analysis of Galaxy Physical Properties code MAGPHYS (da Cunha et al. 2008) 5 . The commonly used MAGPHYS code has been described in a number of papers (e.g. da Cunha et al. 2008 Cunha et al. , 2010 Smith et al. 2012; Berta et al. 2013; Rowlands et al. 2014a; Hayward & Smith 2015; Smolčić et al. 2015; da Cunha et al. 2015) , to which we refer the reader for a detailed explanation. Very briefly, MAGPHYS is based on a simple energy balance argument: the UV-optical photons emitted by young stars are absorbed by dust grains in star-forming regions and the diffuse ISM, and the absorbed energy, which heats the grains, is then thermally re-emitted in the IR.
Here we have made use of a new calibration of MAGPHYS, which is optimised to fit simultaneously the UV-radio SEDs of z > 1 star-forming galaxies, and hence better suited to derive the physical properties of SMGs than the previous versions of the code (see da Cunha et al. 2015) . The modifications in the updated version include extended prior distributions of star formation history and dust optical thickness, and the addition of intergalactic medium absorption of UV photons. A simple radio emission component is also taken into account by assuming a far-IR(42.5 − 122.5 µm)-radio correlation with a q FIR distribution centred at q FIR = 2.34 (the mean value derived by Yun et al. (2001) for z ≤ 0.15 galaxies detected with the Infrared Astronomical Satellite), and a scatter of σ(q FIR ) = 0.25 to take possible variations into account (see Sect. 3.5 herein). The thermal free-free emission spectral index in MAGPHYS is fixed at α ff = −0.1, while that of the non-thermal synchrotron emission is fixed at α synch = −0.8. The thermal fraction at rest-frame 1.4 GHz is assumed to be 10%. We note that these assumptions might be invalid for individual SMGs (see our Sects. 3.2, 4.3, and 4.4) . The SED models used here assume that the interstellar dust is predominantly heated by the radiation powered by star formation activity, while the possible, though presumably weak, AGN contribution is not taken into account; as mentioned in Sect. 2.1, our SMGs do not exhibit any clear signatures of AGN in the X-ray or radio emission. An AGN contamination is expected to mainly affect the stellar mass determination by yielding an overestimated value (see Hayward & Smith 2015; da Cunha et al. 2015) . We note that Hayward & Smith (2015) found that MAGPHYS recovers most physical parameters of their simulated galaxies well, hence favouring the usage of this SED modelling code. On the other hand, Michałowski et al. (2014) found that MAGPHYS, when employing the Bruzual & Charlot (2003) stellar population models and a Chabrier (2003) IMF, yields stellar masses that are, on average, 0.1 dex (factor of 1.26) higher than the true values of their simulated SMGs. 
SED results
The resulting SEDs are shown in Fig. 1 , and the corresponding SED parameters are given in Table 2 . We note that the intermediate and narrow-band Subaru photometry were not used because their effective wavelengths are comparable to those of the broad-band filters, they pass only a small portion of the spectrum, and they can be sensitive to optical spectral line features not modelled by MAGPHYS. Following da Cunha et al. (2015) , the flux density upper limits were taken into account by setting the value to zero, and using the upper limit value (here 3σ) as the flux density error. As can be seen in Fig. 1 , in a few cases the best-fit model disagrees with some of the observed photometric data points or 3σ upper limits. For example, the Herschel/PACS flux density upper limits (set to 3σ) for AzTEC4, 5, and 21a lie slightly below the best SED-fit line. As discussed in detail in Paper I, some of our SMGs have uncertain redshifts. Indeed, our initial SED analysis showed that the redshifts we previously adopted for AzTEC9 and 17a might be underestimated, and the revised redshifts of these SMGs are described in Appendix B.1. Moreover, the SED for AzTEC3 was fit using only photometry at and longward of Y band (λ rest = 1 620 Å) as the shorter wavelength photometry is likely contaminated/dominated by an unrelated foreground (z phot ≃ 1) galaxy as detailed in Appendix D.2. Finally, as described in Appendix B.2, we could not obtain a meaningful SED fit for the following five SMGs: AzTEC2, 6, 19b, and 26a. To calculate the total SFR (0.1-100 M ⊙ ) averaged over the past 100 Myr (column (4) in Table 2 ), we used the standard Kennicutt (1998) relationship scaled to a Chabrier (2003) IMF. The resulting L IR − SFR relationship is given by SFR = 10
We note that the Kennicutt (1998) calibration assumes an optically thick starburst, and it does not account for contributions from old stellar populations (see Bell 2003) . The MAGPHYS code also gives the SFR as an output, and the model allows for the heating of the dust by old stellar populations. We found a fairly good agreement with the 100 Myr-averaged SFRs calculated from L IR and those directly resulting from the SED fit: the ratio SFR IR /SFR MAGPHYS was found to range from 0.94 to 3.43 with a median of 1.42 +0.53 −0.22 , where the ±errors represent the 16th-84th percentile range. We note that when this comparison was done using the SFR MAGPHYS values averaged over the past 10 Myr (rather than 100 Myr), the SFR IR /SFR MAGPHYS ratio was found to lie between 0.70 and 1.36, with a median of 0.90
−0.13 (consistent with da Cunha et al. 2015) . In column (5) in Table 2 , we give the specific SFR, defined by sSFR ≡ SFR/M ⋆ . The quantity sSFR is unaffected by the adopted stellar IMF (in the case where the newly-forming stars have a same IMF as the pre-existing stellar population). The SFR with respect to that of a main-sequence galaxy of the same stellar mass is given in column (6) in Table 2 , and will be described in Sect. 3.3. Finally, we note that the dust temperature given in column (7) is a new MAGPHYS output parameter in the latest version, and refers to an average, dust luminosity-weighted temperature (see Eq. (8) Most of the SMGs analysed here have only a photometric redshift estimate available (the following 12 sources: AzTEC4, 5, 7, 9, 10, 12, 15, 17a, 19a, 21a, 21b, and 24b) . As shown in Table 1 , some of the photometric redshift uncertainties (here reported as the 99% confidence interval; see e.g. Paper I) are large, and we took those uncertainties into account by fitting the source SED over the quoted range of redshifts using a fine redshift grid of ∆z = 0.01. We computed the 16th-84th percentile range of the resulting distribution for each MAGPHYS output parameter listed in Table 2 , and propagated those values as the uncertainty estimates on the physical parameters. The uncertainties derived using this approach should be interpreted as lower limits to the true uncertainties. We note that da Cunha et al. (2015) left the redshift as a free parameter in their MAGPHYS analysis, in which case the derived photometric redshift uncertainties could be directly and self-consistently included in the uncertainties of all other output parameters. However, this option is not yet possible in the publicly available version of the MAGPHYS high-z extension (E. da Cunha, priv. comm.).
Pure radio spectral energy distributions, and spectral indices
To study the radio SEDs of our SMGs, we used the 325 MHz GMRT data, and 1.4 GHz and 3 GHz VLA data as described in Sect. 2.2. The radio SEDs for the SMGs detected in at least one of the three radio frequencies are shown in Fig. 2 . A linear least squares regression was used to fit the data points on a log-log scale to derive the radio spectral indices. In most cases (the following 15 sources: AzTEC1, 4, 5, 6, 7, 8, 10, Article number, page 5 of 26 A&A proofs: manuscript no. AA_2016_28128 The red points with vertical error bars represent the observed photometric data, and those with downward pointing arrows mark the 3σ upper flux density limits (taken into account in the fits). The blue line is the best-fit MAGPHYS model SED from the high-z library (da Cunha et al. 2015) . We note that all the SMGs except AzTEC21b are detected in at least one radio frequency (see Fig. 2 for the pure radio SEDs). S, 12, 15, 17a, 19a, 24b, and 27 ) the observed data are consistent with a single power-law spectrum. However, for AzTEC2 and AzTEC9 the 3σ upper limit to the 325 MHz flux density lies below a value suggested by the 1.4-3 GHz part of the SED, while in the AzTEC3 and AzTEC21a SEDs the 1.4 GHz upper flux density limit lies below the fitted power-law function. We note that because we only have three data points in our galaxyintegrated radio SEDs, we did not try to fit them with anything more complex than a single power law, like a broken or curved power law. The derived spectral indices are tabulated in column (2) in Table 3 . 7 For AzTEC2, the reported spectral index refers to a frequency range between 1.4 and 3 GHz. We also note that for AzTEC21b we could not constrain the radio spectral index needed in the IR-radio correlation analysis (Sect. 3.5).
7 In Paper II, we derived the values of α 3 GHz 1.4 GHz for our SMGs (see Table 4 therein). Those are almost identical to the corresponding present values, but the quoted uncertainties differ in some cases because of the difference in the method they were derived. In the present study, the uncertainties represent the standard deviation errors weighted by the flux density uncertainty, while in Paper II the spectral index uncertainty was directly propagated from that associated with the flux densities.
Hence, for this source we assumed a value of α 3 GHz 325 MHz = −0.75 ± 0.05 to be consistent with the canonical non-thermal synchrotron spectral index range of α synch ∈ [−0.8, −0.7] (e.g. Niklas et al. 1997; Lisenfeld & Völk 2000; Marvil et al. 2015) , but it is not included in the subsequent radio analysis.
The derived α 3 GHz 325 MHz values contain both lower and upper limits. To estimate the median of these doubly-censored data, we applied survival analysis. First, we used the dblcens package for R 8 , which computes the non-parametric maximum likelihood estimation of the cumulative distribution function from doublycensored data via an expectation-maximization algorithm. This was used to estimate the contribution of the right-censored data. We then used the Kaplan-Meier (K-M) method to construct a model of the input data by assuming that the left-censored data follow the same distribution as the non-censored values (for this purpose, we used the Nondetects And Data Analysis for environmental data (NADA; Helsel 2005) package for R). Using this method the median of α Notes. The columns are as follows: (1) the name of the SMG; (2) stellar mass; (3) IR luminosity calculated by integrating the SED over the rest-frame wavelength range of λ rest = 8 − 1 000 µm; (4) SFR calculated using the L IR − SFR relationship of Kennicutt (1998) ; (5) Table 1 ) have also been propagated to the derived parameters (see text for details). The last row tabulates the median value of the parameters, where the indicated ± range corresponds to the 16th-84th percentile range.
the value of α synch = −0.8 assumed in the MAGPHYS analysis, some of the individual nominal values are significantly different, which is reflected as poor fits in the radio regime as shown in Fig. 1 . The distribution of the derived α
GHz
325 MHz values as a function of redshift is plotted in Fig. 3 . We note that the large number of censored data points allowed us to calculate the median values of the binned data showed in Fig. 3 , but not the corresponding mean values. The binned median data points suggest that there is a hint of decreasing (i.e. steepening) spectral index with increasing redshift. To quantify this dependence, we fit the binned data points using a linear regression line, and derived a relationship of the form α 3 GHz 325 MHz ∝ −(0.098 ± 0.072) × z, where the uncertainty in the slope is based on the one standard deviation errors of the spectral index data points. The Pearson correlation coefficient of the binned data was found to be r = −0.99. Hence, a negative relationship is present, but it is not statistically significant.
Stellar mass-SFR correlation: comparison with the main
sequence of star-forming galaxies
In Fig. 4 , we plot our SFR values as a function of stellar mass. A tight relationship found between these two quantities is known as the main sequence of star-forming galaxies (e.g. Brinchmann et al. 2004; Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007; Karim et al. 2011; Whitaker et al. 2012; Speagle et al. 2014; Salmon et al. 2015) . For comparison, in To illustrate how our data compare with the star-forming galaxy main sequence, we overlay the best fit from Speagle et al. (2014) , which is based on a compilation of 25 studies, and is given by log(SFR/M ⊙ yr −1 ) = (0.84 − 0.026 × τ univ ) log(M ⋆ /M ⊙ )−(6.51−0.11×τ univ ), where τ univ is the age of the universe in Gyr, i.e. the normalisation rises with increasing redshift. We show the main sequence position at the median redshift of our analysed SMGs (z = 2.85) and that of the aforementioned ALESS SMG sample (z = 3.12). We also plot the factor of 3 lines below and above the main sequence at z = 2.85; this illustrates the accepted thickness, or scatter of the main sequence (see e.g. Magdis et al. 2012; Dessauges-Zavadsky et al. 2015) . To further quantify the offset from the main sequence, we calculated the ratio of the derived SFR to that expected for a main sequence galaxy of the same stellar mass, i.e. SFR/SFR MS . The values of this ratio are given in column (6) in Table 2 , and they range from 0. The binned data suggest a bimodal behaviour of our SMGs in the sense that the sources at z < 3 are consistent with the main sequence, while those at z > 3 lie above the main sequence. The M ⋆ -SFR plane of our SMGs will be discussed further in Sect. 4.1. In each panel, the lower x-axis shows the observed frequency, while the upper x-axis gives the corresponding rest-frame frequency (for AzTEC6 and 27 only a lower z limit is available, and hence the ν rest shown is only a lower limit).
Stellar mass-size relationship
In Fig. 6 , we plot the 3 GHz radio continuum sizes of our SMGs derived in Paper II against their stellar masses derived in the present paper. We also show the rest-frame UV/optical radii for AzTEC1, 3, 4, 5, 8, 10, and 15 derived by Toft et al. (2014) , but which were scaled to our adopted cosmology, and we used the revised redshifts for AzTEC1, 4, 5, and 15. The radio size data points of the SMGs lying at z > 3 are highlighted by green star symbols in Fig. 6 , while the UV/optical sizes are for z ≃ 1.8−5.3 SMGs, out of which 6/7 (86%) lie at z 2.8. As shown in the figure, with a few exceptions the largest spatial scales of both stellar and radio emission are seen among the highest stellar mass sources (log(M ⋆ /M ⊙ ) ≥ 11.41). We also note that most of the data points (52% (64%) of all the plotted data (radio sizes)) are clustered within the dispersion of the mass-size relationship of z ∼ 2 cQGs derived by Krogager et al. (2014) , namely r e = γ(M ⋆ /10 11 M ⊙ ) β , where log(γ/kpc) = 0.29 ± 0.07 and β = 0.53
−0.21 for their galaxies having spectroscopic redshifts. The M ⋆ -size plane analysed here will be discussed further in Sect. 4.1. 
Infrared-radio correlation
The quantities derived in the present study allow us to examine the IR-radio correlation among our SMGs (e.g. van der Kruit 1971; de Jong et al. 1985; Helou et al. 1985; Condon et al. 1991; Yun et al. 2001) . As usually done, we quantify this analysis by calculating the q parameter, which can be defined as (see e.g. Sargent et al. 2010; Magnelli et al. 2015 )
where the value 3.75 × 10 12 is the normalising frequency (in Hz) corresponding to λ = 80 µm, and L 1.4 GHz is the rest-frame . 3 GHz radio continuum sizes (radii defined as half the major axis FWHM) derived in Paper II (and scaled to the revised redshifts and cosmology adopted here) plotted against the stellar masses derived in the present work (black squares). The SMGs at z > 3 are highlighted by green star symbols. For comparison, the red squares show the restframe UV/optical radii from Toft et al. (2014;  also scaled to the present redshifts and cosmology). The upper size limits are indicated by arrows pointing down. The three dashed lines show the mass-size relationship of z ∼ 2 compact, quiescent galaxies from Krogager et al. (2014) , where the lower and upper lines represent the dispersion in the parameters (see text for details). monochromatic 1.4 GHz radio luminosity density. Since our L IR is calculated over the wavelength range of λ rest = 8 − 1 000 µm, our q value refers to the total-IR value, i.e. q ≡ q TIR . 9 The 1.4 GHz luminosity density is given by
where d L is the luminosity distance. Following Smolčić et al. (2015) , the 1.4 GHz flux density was calculated as S 1.4 GHz = S 325 MHz × (1.4 GHz/325 MHz) α , because the observed-frame frequence of ν obs = 325 MHz corresponds to the rest-frame frequence of ν rest = 1.4 GHz at z = 3.3, which is only a 16% higher redshift than the median redshift of the SMGs analysed here (z = 2.85). Hence, the smallest and least uncertain K-correction (1 + z) α to rest-frame 1.4 GHz is needed to derive the value of L 1.4 GHz . The derived values of q are listed in column (3) in Table 3 .
As in the case of α 3 GHz 325 MHz (Sect. 3.2), our q values contain both lower and upper limits. Hence, to estimate the sample median, we employed the K-M survival analysis as described in Sect. 3.2. The median q value and the 16th-84th percentile range is found to be 2.27 +0.27 −0.13 . In Fig. 7 , we show the derived q values as a function of redshift, and discuss the results further in Sect. 4.4. 
Notes.
(a) The q parameter refers to the total-IR (λ rest = 8 − 1 000 µm) value, i.e. q ≡ q TIR .
(b) The spectral index for AzTEC2 refers to a frequency interval between 1.4 and 3 GHz, and is not considered in the statistical analysis.
(c) The radio spectral index for AzTEC21b could not be constrained, and hence it was assumed to be α = −0.75±0.05.
(d) The sample median value was derived using all the tabulated values except those for AzTEC2 and 21b. The quoted uncertainties of the sample medians represent the 16th-84th percentile range.
Discussion
The SEDs of some of our COSMOS/AzTEC SMGs have already been analysed in previous studies. We discuss those studies and compare their results with ours in Appendix C. AzTEC1 and 3 both have a gas mass estimate available in the literature (Yun et al. 2015 and Riechers et al. 2010, respectively) , which allows us to examine their ISM physical properties in more detail; these two high-redshift SMGs are discussed in more detail in Appendix D. After discussing the stellar mass-SFR and masssize relationships of our SMGs in Sect. 4.1, we compare the physical properties of our SMGs with those of the ALESS SMGs derived by da Cunha et al. (2015), and discuss the similarities and differences between the two SMG samples in Sect. 4.2. The radio SEDs and IR-radio correlation are discussed in Sects. 4.3 and 4.4, while the present results are discussed in the context of evolution of massive galaxies in Sect. 4.5.
How do the COSMOS/AzTEC SMGs populate the
M ⋆ -SFR and M ⋆ -size planes ?
Comparison with the galaxy main sequence
We have found that 10 out of the 16 SMGs (62.5% with a Poisson counting error of 19.8%) analysed here lie above the main sequence with SFR/SFR MS > 3. AzTEC8 is found to be the most significant outlier with a SFR/SFR MS ratio of about 13. The remaining six SMGs have SFR/SFR MS ≃ 0.3 − 2.4, and hence lie on or within the main sequence. Our result is consistent with previous studies where some of the SMGs are found to be located on or close to the main sequence (at the high-mass end), while a fair fraction of SMGs -especially the most luminous objects -are found to lie above the main sequence (e.g. Magnelli et al. 2012; Michałowski et al. 2012; Roseboom et al. 2013; da Cunha et al. 2015; Koprowski et al. 2016 ). This suggests that SMGs are a mix of populations of two star formation modes, namely "normal-type" star-forming galaxies and starbursts. Hydrodynamic simulations have also suggested that the SMG population can be divided into two subpopulations consisting of major-merger driven starbursts and disk galaxies where star formation, while possibly driven by mergers or smooth gas accretion, is occuring more quiescently (e.g. Hayward et al. 2011 Hayward et al. , 2012 , and references therein).
Stellar mass-size relationship
As we discussed in Paper II, the rest-frame UV/optical sizes (i.e. the stellar emission size scales), derived by Toft et al. (2014) for a subsample of seven of our SMGs, are smaller than the radio size for AzTEC4 and 5, in agreement for AzTEC15, and the upper stellar emission size limits for AzTEC1, 3, and 8 are larger than their radio sizes, and hence formally consistent with each other (AzTEC10 was also analysed by Toft et al. (2014) , but it is not detected at 3 GHz). A difference in the radio and stellar emission sizes can be partly caused by the fact that rest-frame UV/optical emission can be subject to a strong, and possibly differential dust extinction, and stellar population effects.
In the present work, we have revised the stellar masses of the aforementioned seven SMGs, and for those sources where the redshifts used in the analysis were similar, our values are found to be 0.3 to 1.6 (median 0.6) times those from Toft et al. (2014) (see Appendix C). Despite these discrepancies, the way our SMGs populate the M ⋆ -size plane shown in Fig. 6 is consistent with the finding of Toft et al. (2014) , i.e. the M ⋆ − R distribution of 3 < z < 6 SMGs is comparable to that of cQGs at z ∼ 2. Hence, our result supports the authors' conclusion of highz SMGs being potential precursors of the z ∼ 2 cQGs, where the quenching of the starburst phase in the former type of galaxies leads to the formation of the latter population (Sect. 4.5).
It is worth noting that five of our z < 3 SMGs plotted in Fig. 6 also exhibit stellar masses and radio sizes that place them in the z ∼ 2 cQGs' mass-size relationship from Krogager et al. (2014) . While these authors found that the slope and scatter of this masssize relationship are consistent with the local (z = 0) values, the galaxies grow in size towards lower redshifts (e.g. via mergers). However, as can be seen in Fig. 7 of Krogager et al. (2014;  see also references therein), the median size of the quiescent galaxy population at a fixed stellar mass of M ⋆ = 10 11 M ⊙ is R ∼ 2 kpc in the redshift range z ∼ 1.3 − 2. In the context of massive galaxy evolution, the z < 3 SMGs could potentially evolve into lowerredshift (z < 2) cQGs, and then grow in size at later epochs (see Sect. 4.5). As mentioned in Sect. 3.4, there is a hint that the largest 3 GHz radio sizes are found among the most massive of our analysed SMGs (see the ouliers at M ⋆ 2.6 × 10 11 M ⊙ in Fig. 6 ). While this is not statistically significant, also the most extended stellar emission spatial scale is found for the most massive SMG with available rest-frame UV-optical size measurement, namely AzTEC15. Although these largest radio sizes have large error bars, it is possible that the spatially extended radio emission in these massive SMGs is caused by processes not related to star formation, like galaxy mergers leading to magnetic fields being pulled out from the interacting disks (see Paper II and references therein; O. Miettinen et al., in prep.) . Interestingly, all the three SMGs that exhibit the largest radio sizes in our sample, namely AzTEC4, 15, and 21a, are found to lie on the main sequence or only slightly above it (factor of 3.2 for AzTEC4), but they have high SFRs of ∼ 380 − 590 M ⊙ yr −1 , which could be induced by gravitational interaction of merging galaxies. This is further supported by the fact that many of our target SMGs exhibit clumpy or disturbed morphologies, or show evidence of close companions at different observed wavelengths, e.g. in the UltraVISTA NIR images (Younger et al. 2007 (Younger et al. , 2009 Toft et al. 2014 ; Paper I). (2015) refers to the total dust IR (3 − 1 000 µm) luminosity, which we have found to be almost equal to L IR with the L IR /L dust ratio ranging from 0.91 to 0.99 (both the mean and median being 0.95). We also note that da Cunha et al. (2015) defined the current SFR over the last 10 Myr, while the corresponding timescale in the present study is 100 Myr. When comparing the MAGPHYS output SFRs, we found that the 10 Myr-averaged values are 1.0 to 4.7 times higher than those averaged over the past 100 Myr (the mean and median being 2.1 and 1.6, respectively). The authors concluded that the physical properties of the ALESS SMGs are very similar to those of local ultraluminous IR galaxies or ULIRGs (see da Cunha et al. 2010) .
For a more quantitative comparison, we limit the da Cunha et al. (2015) sample to those SMGs that have 870 µm flux densities corresponding to our AzTEC 1.1 mm flux density range in the parent sample (AzTEC1-30), i.e. 3.3 mJy ≤ S 1.1 mm ≤ 9.3 mJy. Assuming that the dust emissivity index is β = 1.5, this flux density range corresponds to 7.5 mJy ≤ S 870 µm ≤ 21.1 mJy.
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The LESS SMGs that fall in this flux density range are [21] [22] [23] 30, 35, and 41, where LESS1, 2, 3, 7, 15, 17, 22, 23, 35 , and 41 were resolved into multiple components with ALMA (Hodge et al. 2013; Karim et al. 2013) . The photometric redshifts of these SMGs, as derived by da Cunha et al. (2015), lie in the range of z phot = 1.42 − 5.22 with a median and its standard error of z phot = 3.12 ± 0.24. We note that this median redshift is only 9.5% higher than that of our analysed SMGs (z = 2.85 ± 0.32). As mentioned in Sect. 3.1.2, the error bars for the ALESS SMGs' parameters were propagated from the photoz uncertainties by da Cunha et al. (2015) , and they are typically much larger than those of our parameters (see e.g. Fig. 4 herein) . 10 We note that in the high-z model libraries of MAGPHYS, the value of β is fixed at 1.5 for the warm dust component (30-80 K), while that for the colder (20-40 K) dust is β = 2. A manifestation of this T dustdependent β is that scaling the 1.1 mm flux densities to those at 870 µm with a simple assumption of β = 1.5 yields slightly different values than suggested by the MAGPHYS SEDs shown in Fig. 1. Article number, page 11 of 26 A&A proofs: manuscript no. AA_2016_28128
For the aforementioned flux-limited sample, the median values of the physical parameters are log(M ⋆ /M ⊙ ) = 11.0 −0.48 , where we quote the 16th-84th percentile range. All the other quantities except T dust are higher than for the aforementioned full sample, up to a factor of 1.7 for sSFR and M dust , which is not surprising because the subsample in question is composed of the brightest ALESS SMGs.
Comparison of the AzTEC and ALESS SMGs
In what follows, we compare the physical properties of our SMGs with those of the aforementioned flux-limited ALESS sample composed of equally bright sources. The ratios between our median M ⋆ , L dust , SFR, sSFR, T dust , and M dust values and those of the ALESS SMGs are given in Table 4 . We note that for a proper comparison, the comparison of the SFR and sSFR values were done using the MAGPHYS output values averaged over the past 10 Myr. As can be seen in Table 4 , the median values of M ⋆ and T dust are similar, and our median M dust value is a factor of 1.5 times higher than for the equally bright ALESS SMGs. On the other hand, our dust luminosities and (s)SFR values appear to be about two times higher on average.
We also performed a two-sided Kolmogorov-Smirnov (K-S) test between the aforementioned physical parameter values to check if our SMGs and the flux-limited ALESS SMG sample could be drawn from a common underlying parent distribution. The null hypothesis was that these two samples are drawn from the same parent distribution. The K-S test statistics and pvalues for the comparisons of the M ⋆ , L dust , SFR MAGPHYS , T dust , and M dust values are also given in Table 4 . The K-S test results suggest that the underlying stellar mass distribution is the same (p = 0.92), while those of the remaining properties might differ. We note that for T dust , for which the median value between our AzTEC SMGs and the ALESS SMGs was found to be very similar, the K-S test p-value is 0.29, the second highest after the stellar mass comparison. It should also be noted that the comparison samples are small (16 AzTEC and 25 ALESS sources, respectively), and hence the K-S tests presented here are subject to small number statistics. Nevertheless, we cannot exclude the possibility that at least part of the differences found here is caused by the different selection wavelength (λ obs = 1.1 mm versus λ obs = 870 µm), and different depths of the optical to IR observations available in COSMOS and the ECDFS, although the stellar mass estimates based on the optical regime of the galaxy SED are found to be similar.
da Cunha et al. (2015) found that, at z ≃ 2, about half of the ALESS SMGs (49%) lie above the star-forming main sequence (i.e. SFR/SFR MS > 3), while the other half (51%) are consistent with being at the high-mass end of the main sequence, where the main sequence definition was also adopted from Speagle et al. (2014) . For the ALESS SMG sample fluxlimited to match our sample limit, which has a median redshift of z = 3.12, only 24 ± 10% of the sources are found to have SFR/SFR MS > 3, while the remaining 76 ± 17% lie within a factor of 3 of the main sequence (see our Fig. 4 ). It should be noted, however, that the ALESS sources have significant error bars in their SFR and M ⋆ values (propagated from the photo-z uncertainties; da Cunha et al. 2015) . The fractions we have found for the analysed AzTEC SMGs are nominally more extreme, i.e. 62.5%±19.8% are above the main sequence, and 37.5%±15.3% are consistent with the main sequence. If we base our analysis on the 10 Myr-averaged MAGPHYS output SFRs as da Cunha et al. (2015) did, we find that the fraction of the AzTEC SMGs having SFR/SFR MS > 3 is the same 62.5% ± 19.8% as derived above from the Kennicutt (1998) L IR − SFR calibration.
In Fig. 8 , we plot the sSFR as a function of cosmic time (lower x-axis) and redshift (upper x-axis). For legibility purposes, we only show the binned version of the data; the plotted data points represent the mean values of the full data with four SMGs per bin in our AzTEC sample, and five SMGs per bin in the ALESS sample. The sSFR of the ALESS comparison sample appears to be relatively constant as a function of cosmic time, while our individual SMGs, lying in a similar redshift range, show more scatter with a factor of 2.1 +26.4 −2.0 higher median sSFR (our median sSFR is higher by the same nominal factor of 2.1 +35.4 −2.0 when the comparison is done between the 10 Myr-averaged MAGPHYS outputs; Table 4 ). The blue dash-dot line overplotted in the figure represents the sSFR-cosmic time relationship derived by Koprowski et al. (2016) . As can be seen, our lowest redshift data point (corresponding to the latest time) lies slightly (by a factor of 1.57) above the normalisation of this relationship, and the second lowest redshift data point, though having a factor of 1.82 higher sSFR than suggested by the Koprowski et al. (2016) relationship, is still consistent with it within the standard error. However, our two highest redshift bins lie at much higher sSFRs than computed from the Koprowski et al. (2016) relationship (by factors of ∼ 7), but as mentioned by the authors, their study could not set tight constraints on the sSFR beyond redshift of z ≃ 3 (τ univ = 2.1 Gyr), where many of our SMGs are found. Indeed, as can be seen in Fig. 10 of Koprowski et al. (2016) , the scatter of data increases at z > 3, and many data points lie above their derived relationship. It should also be pointed out that our SFRs and stellar masses were derived using a different method than those in Koprowski et al. (2016) and their reference studies, and this can be part of the reason why our values lie above the Koprowski et al. (2016) sSFR(τ univ ) function. On the other hand, while the three lowest redshift ALESS data points shown in Fig. 8 show a trend similar to ours, with a jump in sSFR near z ≃ 3, the two highest redshift ALESS bins are only by factors of 1.43-1.56 above the Koprowski et al. (2016) relationship. Larger, multi-field samples of SMGs are required to limit cosmic variance, and examine the evolution of SMGs' sSFR as a function of cosmic time further, particularly at z 3. Figure 9 plots the dust-to-stellar mass ratio as a function of redshift for our SMGs and the comparison ALESS SMG sample. The median values for these samples are M dust /M ⋆ = 0.016
and M dust /M ⋆ = 0.008 +0.009 −0.004 , respectively, where the quoted uncertainties represent the 16th-84th percentile range. The binned data points shown in Fig. 9 show a hint of decreasing dust-tostellar mass ratio towards higher redshifts. The AzTEC (ALESS) data points suggest a linear regression of the form M dust /M ⋆ ∝ −(0.006 ± 0.003) × z (M dust /M ⋆ ∝ −(0.002 ± 0.002) × z), with a Pearson r of −0.68 (−0.86). These trends are not statistically significant, but the fact that both the samples show a comparable behaviour is indicative of a star formation and dust production history being fairly similar between the AzTEC and ALESS SMGs, and hence suggesting a similar level of metallicity, which is not surprising given that these SMGs lie at the same cosmic epoch. Thomson et al. (2014) studied the radio properties of the ALESS SMGs. They used 610 MHz GMRT and 1.4 GHz VLA data, and derived a median±standard error radio spectral index of α Table 3 (survival analysis was used to take the lower limits into account). This is the same as for their full sample, and also consistent with our median α 
Notes. (a) A ratio between the median values. (b)
The comparison was done between the MAGPHYS output values averaged over 10 Myr.
(c) Results from a two-sided K-S test between the two sets of physical properties. The maximum distance between the two cumulative distribution functions is given by the K-S test statistic D, while the corresponding p-value describes the probability that the two datasets are drawn from the same underlying parent distribution. 
Properties of the radio SEDs

Radio continuum spectra of star-forming galaxies
The radio continuum emission arising from a star-forming galaxy can be divided into two main components: (1) the thermal free-free emission (bremsstrahlung) from H ii regions, and (2) non-thermal synchrotron emission from relativistic cosmicray electrons. Both of these emission mechanisms are directly linked to the evolution of high-mass stars: a newly forming highmass star photoionises its surrounding medium to create an H ii region, while the explosive deaths of high-mass (> 8 M ⊙ ) starssupernovae and their remnants -are associated with shock fronts that can accelerate cosmic-ray particles to relativistic energies.
While a typical synchrotron spectral index is α synch ∈ [−0.8, −0.7] (Sect. 3.2, and references therein), that of thermal free-free emission is about seven to eight times flatter, i.e. α ff = −0.1. At low frequencies of ν rest < 30 GHz the total radio emission is expected to be dominated by the nonthermal synchrotron component, while at higher frequencies (up to about 100 GHz) the thermal emission component makes a larger contribution of the total observed radio wave emission (e.g. Condon 1992; Niklas et al. 1997) .
11 Because of the thermal emission, the radio spectrum exhibits flattening towards higher frequencies. Besides this effect, the low-frequency regime of a radio SED (ν rest 1 GHz) can also exhibit flattening because the free-free optical thickness increases (τ ∝ ν −2.1 ), and hence the free-free absorption due to ionised gas becomes important.
On the other hand, cosmic-ray electrons suffer from a number of cooling or energy-loss mechanisms. These include synchrotron radiation, inverse-Compton (IC) scattering, ionisation, and bremsstrahlung losses (e.g. Murphy 2009; Paper II and references therein), all of which can shape the radio SED, i.e. modify the spectral index. For example, besides the freefree absorption, the ionisation energy-losses can flatten the radio spectrum towards lower frequencies (< 1 GHz; e.g. 11 We note that the radio flux density at 33 GHz might be affected by the anomalous dust emission, but its significance in the galaxy-integrated measurements is unclear ).
Article number, page 13 of 26 A&A proofs: manuscript no. AA_2016_28128 Thompson et al. 2006 ). These energy-loss mechanisms are dependent on the physical properties of the galaxy, like the magnetic field strength, neutral gas density, and the energy density of the radiation field (e.g. Basu et al. 2015 ; Paper II and references therein). Moreover, the IC losses at high redshifts can be aided by IC losses off the cosmic microwave background (CMB) photons, because the CMB energy density goes as u CMB ∝ (1 + z) 4 . Because the aforementioned physical properties (magnetic field strength, density, etc.) have spatial gradients within the galaxy, the interpretation of the observed galaxy-integrated radio SEDs can become difficult (Basu et al. 2015) . However, measurements of the radio spectral index over different frequency ranges can provide useful information about the energy-loss and gain mechanisms of the leptonic (e ± ) cosmic-ray population. In the next subsection, we attempt to classify our SMGs into different categories on the basis of the observed radio spectral indices.
Radio SED classification
To classify our SMGs into different radio SED categories, we define the following three classes: I=classic synchrotron spectrum (α synch ≃ −0.8 . . . − 0.7), II=flattened radio spectrum, and III=steepened radio spectrum. The classification in the observedframe frequency interval of 325 MHz-3 GHz is provided in Table 5 . Seven of our sources agree with a canonical synchrotron spectrum (our category I), while the remaining 11 fall into a category II or III with a 5:6 proportion. We note that AzTEC3, 10, 21a, and 27 exhibit a nominal spectral index of α < −1.0 (and AzTEC2 has α 3 GHz 1.4 GHz = −1.83 ± 0.93), and these sources could also be classified as ultra-steep spectrum sources (Thomson et al. 2014 (Thomson et al. , 2015 .
In the next subsection, we will examine the contribution of the thermal free-free emission to the flattest radio spectrum found in the present study.
Thermal fraction
Considering the contribution of the thermal free-free emission to the derived spectral indices, we note that the highest rest-frame frequency probed in the present study is 18.9 GHz, which corresponds to ν obs = 3 GHz at the redshift of AzTEC3 (z spec ≃ 5.3). However, AzTEC3 has one of the steepest spectral index derived here (α 3 GHz 325 MHz = −1.19 ± 0.32), although the non-detection at 1.4 GHz could be an indication of a flattening towards higher frequencies (α 3 GHz 1.4 GHz > −0.56). On the other hand, the flattest index found here is α 3 GHz 325 MHz > −0.18 for AzTEC4, which might be an indication that the observed-frame 3 GHz flux density has a contribution from thermal free-free emission. To quantify the level of this free-free contribution, we can translate the L IR -based SFR into the thermal luminosity using Eq. (11) ) where T e is the electron temperature, which is here set to 10 4 K. For AzTEC4, for which the nominal SFR is 380 M ⊙ yr −1 , we obtain a luminosity density of ∼ 1 × 10 23 W Hz −1 at the rest-frame frequency ν rest = 8.4 GHz (corresponding to ν obs = 3 GHz). By comparing this with the radio luminosity density calculated using the observed 3 GHz flux density (see our Eq. (2)), we estimate the thermal fraction to be > 33% for AzTEC4 at ν obs = 3 GHz (the lower limit results from the lower α 3 GHz 325 MHz limit used in the calculation). Although the thermal contribution makes the derivation of the non-thermal spectral index more uncertain, our result demonstrates that it also offers a possibility to estimate the SFR of high-z galaxies more directly than relying on the IR-radio correlation. The high sensitivity of the future facilities, like the Square Kilometre Array 12 , has the potential to use thermal free-free emission as a reliable, dust-unbiased SFR tracer.
Radio characteristics and the offset from the main sequence
Finally, because most (63%) of our SMGs are found to be starbursts (Sect. 4.1.1), we compare our results with Murphy et al. (2013) who found that the radio spectral indices of galaxies flatten with increasing distance above the galaxy main sequence. The authors interpreted this as compact starbursts being more optically thick in the radio, i.e. free-free absorption being more important in these systems (τ ν ∝ n 2 e , where n e is the electron density). To test whether our SMGs exhibit such a trend, in the top panel in Fig. 10 we plot our α 3 GHz 325 MHz values as a function of the starburstiness parameter SFR/SFR MS . As can be seen, no trend is discernible in Fig. 10 . We also note that in Paper II we did not find a correlation between the 3 GHz radio sizes of our SMGs and α 3 GHz 1.4 GHz (see Fig. 4 therein) If the scenario proposed by Murphy et al. (2013) plays out, then one might expect to see a correlation between the size of a galaxy and its distance from the main sequence. To see if this is the case for our SMGs, in the bottom panel in Fig. 10 we plot the 3 GHz radio sizes from Paper II as a function of SFR/SFR MS . Indeed, we see a possible hint of more compact sources being those that lie the furthest away from the main sequence. Interestingly, the largest radio-emitting sizes are seen among SMGs within or near the main sequence (SFR/SFR MS 3), although we note that SMGs with a radio size close to the sample median size are also found within the main sequence envelope. Hence, no firm conclusions can be drawn on the basis of current data. I 7, 8, 12, 17a, 19a, 24b II 4, 5, 6, 15 III 1, 3, 9, 10, 21a, 27 Notes.
(a) We define our categories as follows: I=classic synchrotron radio SED; II=flattened radio SED; and III=steepened radio SED.
The IR-radio correlation
Comparison with literature data
The IR-radio q parameters we have derived, ranging from q > 1.64 to q = 2.82 ± 0.18 with a median of q = 2.27 +0.27 −0.13 , exhibit a hint of negative correlation with redshift (see Sect. 3.5, and the binned data in Fig. 7) . Thomson et al. (2014) reported a median q TIR of 2.56 ± 0.05 for their ALESS SMGs. However, to compute q Thomson et al. (2014) used the IR luminosities derived by Swinbank et al. Table 3 ). Bottom: 3 GHz radio size (radius calculated as θ maj (FWHM)/2) from Paper II as a function of the distance above the main sequence. The blue vertical dashed line marks the median value of SFR/SFR MS = 5.2 derived for the plotted sample, while the horizontal line marks the survival analysis-based median radius of 2.03 kpc for the plotted sample. The thin, red vertical dashed line shows the upper boundary limit of the main sequence, i.e. SFR/SFR MS = 3.
(2014). Hence, we recalculated the q values for the flux-limited comparison sample using the L dust values (and photo-z's) derived by da Cunha et al. (2015) , and the 610 MHz GMRT flux densities from Thomson et al. (2014) (following our Eqs. (1) and (2) modified for ν obs = 610 MHz). 13 The median q we derived this way is 2.29 ± 0.09, where we quote the standard error of the median. Because this value refers to the total dust luminosity (3 − 1 000 µm), the total-IR q is slightly lower. Given that the ratio of our median q value to the recalculated ALESS q is 0.99, we conclude that the IR-radio correlation parameter is not significantly different between our SMGs and the equally bright ALESS SMGs.
Similarly to Thomson et al. (2014) , Barger et al. (2012) reported an average q TIR value of 2.51±0.01 for their sample of five SCUBA 850 µm-identified SMGs at z = 2−4 in the Great Observatories Origins Deep Survey-North (GOODS-N). The AzTEC 1.1 mm flux densities of these SMGs lie in the range of S 1.1 mm = (1.9 ± 1.4) − (5.4 ± 1.1) mJy (see Table 6 in Barger et al. 2012) , and they are generally fainter at λ obs = 1.1 mm than our target SMGs with S 1.1 mm = 3.3 +1.4 −1.6 − 9.3 +1.3 −1.3 mJy (Scott et al. 2008 ). Additionally, because Barger et al. (2012) assumed a radio spectral index of α = −0.8, and used a Arp 220 SED-based relationship of L IR = 1.42×L FIR in their calculation, a direct comparison with our q TIR calculation is not feasible.
The average FIR-based q FIR values derived for SMGs lying at median redshifts of z ∼ 2 − 2.5 and without AGN signatures are usually found to be about 2.0-2.2, which are com- 13 We note that for the radio non-detected (at both 610 MHz and 1.4 GHz) ALESS SMGs, we adopted a spectral index of α = −1.57 ± 0.08 derived through stacking by Thomson et al. (2014) . The authors reported upper q limits for the radio non-detected SMGs in their Table 1 , but in the case of an upper limit to S 610 MHz , the corresponding q value becomes a lower limit. parable with those of other types of star-forming galaxies at similar redshifts (e.g. Kovács et al. 2006; Magnelli et al. 2010; Alaghband-Zadeh et al. 2012 ). For our SMGs, 36% to 90% of the total-IR luminosity is found to emerge in the FIR, with a mean (median) fraction of 75% (80%). Hence, our median q FIR can be derived to be about 2.17, in excellent agreement with previous results.
Evolution of the IR-radio correlation
The question then arises as to what is causing the relatively low q TIR in our (and ALESS) SMGs with respect to the local universe median value of q TIR = 2.64 (see Bell 2003; Sargent et al. 2010) . One possible explanation is related to the dynamical/evolutionary stage of the SMG system. The models by Bressan et al. (2002) predict that the q parameter reaches its minimum value during the post-starburst phase. The authors suggested that this evolutionary effect is due to radio emission fading more slowly after an intense burst of star formation than the (F)IR emission, which is manifested as an apparent radio excess or lower q value. Because SMGs are potentially driven by mergers (e.g. Tacconi et al. 2008; Engel et al. 2010) , some of the low q values we have observed suggest that the target SMG is being observed during the post-starburst phase. Schleicher & Beck (2013) also discussed the possibility of accretion/merger-driven turbulence enhancing the magnetic field strength. If an SMG is driven by a major merger, this could be one mechanism to yield a low q value. It is also possible that environmental effects increase the galactic magnetic field strength and/or reaccelerate cosmic rays, hence causing an excess in radio emission, which lowers the q value (Miller & Owen 2001; Reddy & Yun 2004; Murphy et al. 2009 ). On the other hand, the value of q TIR we have derived for AzTEC8, i.e. 2.82 ± 0.18, is relatively high compared to the local median value. An elevated q TIR can result from a recent starburst phenomenon, where the synchrotron emission is generated with a time delay (due to the generation of relativistic electrons and/or magnetic field) with respect to the stellar radiation field that heats the dust (Roussel et al. 2003) .
Some previous studies have found a moderate evolution of q as a function of redshift (Ivison et al. 2010a,b; Magnelli et al. 2010; Casey et al. 2012; Magnelli et al. 2015 ; see also Delhaize et al. 2016 ). For instance, Magnelli et al. (2015) found a statistically significant redshift evolution of the form q FIR = (2.35 ± 0.08) × (1 + z) −0.12±0.04 for their M ⋆ -selected, multi-field sample of 0 < z < 2.3 galaxies (including COS-MOS), in agreement with that found earlier by Ivison et al. (2010a) for 250 µm-selected galaxies at z = 0.038 − 2.732, i.e. q TIR ∝ (1 + z) −0.15±0.03 . The latter relationships are overplotted in Fig. 7 , normalised to yield the local universe median value of q TIR (z = 0) = 2.64. We note that the slope of the q TIR (z) curves becoming shallower with increasing z is consistent with a turbulent dynamo theory prediction by Schober et al. (2016) .
As can be seen in Fig. 7 , our binned SMG data show a weak hint of decreasing evolution in q TIR as a function of cosmic time. A linear regression yields a relationship of the form q TIR ∝ −(0.050 ± 0.060) × z, with a Pearson correlation coefficient of r = −1. Hence, the decreasing trend seen here is not statistically significant. The two lowest redshift bins at z = 2.04 and z = 2.93 are consistent within the standard errors with the nominal q = q(z) relationships of Ivison et al. (2010a) and Magnelli et al. (2015) . Our highest redshift binned data point at z = 4.23 lies above those relationships. We note that the ALESS Article number, page 15 of 26 A&A proofs: manuscript no. AA_2016_28128 SMGs do not exhibit a (negative) correlation in the q TIR -z plane (Thomson et al. 2014; see Fig. 3 therein) .
It is not clear what would cause a trend of decreasing q with redshift. One possibility is an erroneous radio K-correction for higher redshift sources due to an increasing thermal free-free contribution to the observed emission (Delhaize et al. 2016) . In the present work, we have minimised the K-correction by using the observed-frame 325 MHz radio flux densities (Sect. 3.5). If, however, the trend as a function of cosmic time is physical, the question arises whether it is driven by an enhanced radio emission or a depressed IR emission from dust at higher redshifts. If the ISM density of galaxies increases towards higher redshifts, the corresponding galactic magnetic field could be stronger, which in turn would lead to a stronger radio synchrotron emission implying a lower q value (Schleicher & Beck 2013) . Given the enhanced IC-CMB cooling of cosmic-ray electrons at high redshifts (Sect. 4.3), the associated suppression of synchrotron radiation could even lead to an increase of q towards higher redshifts, but the magnetic field strength in SMGs might be strong enough to compensate this effect (Thomson et al. 2014) . One possible interpretation of the weak or even a complete lack of any obvious q(z) trend among SMGs compared to the negative q(z) relationship among less-extreme star-forming galaxies is that the latter type of galaxies exhibit a lower dust content (and hence a lower L IR and q) at higher redshifts (e.g. Capak et al. 2015) , while SMGs are rich in dust at all cosmological epochs they are being observed (and hence q does not decrease, or does so only weakly).
The 1.1 mm-selected COSMOS/AzTEC SMGs in the context of massive galaxy evolution
Putting the results from our previous studies and the present one together, we are in a position to discuss our SMGs in the context of the evolution of massive galaxies. We start by noting that although the SMGs studied in the present work appear to preferentially lie above the galaxy main sequence (63% have a SFR/SFR MS ratio > 3), and can be considered starbursts, a fair fraction of about 38% are consistent with being mainsequence star-forming galaxies. Nevertheless, the high SFRs of ∼ 20 − 1 500 M ⊙ yr −1 with a median of 508 M ⊙ yr −1 derived for these main-sequence SMGs show that a phase of intense star formation is taking place in these galaxies. We also find an indication for an anti-correlation between distance from the main sequence and radio size (Fig. 10, bottom panel) . Moreover, as shown in Fig. 5 , there is an average trend of z > 3 SMGs having a higher level of starburstiness (SFR/SFR MS ratio) than those SMGs that lie at z < 3. On the other hand, in Paper II we did not find any trend between radio size and redshift of our target SMGs (Fig. 7 therein; see also O. Miettinen et al., in prep.) .
As further shown for two of our high-z SMGs AzTEC1 and AzTEC3 in Appendix D, an early starburst phase can be characterised by a SFR occuring near or at the Eddington limit within a spatially compact region. Such high SFRs of luminous SMGs are plausibly triggered by a wet merger between gas-rich galaxies, or, perhaps in the case of less luminous SMGs, by gravitational instabilities fuelled by more continuous, cold gas accretion (Narayanan et al. 2009; Dekel et al. 2009; Engel et al. 2010; Wiklind et al. 2014; Narayanan et al. 2015) . For example, the AzTEC11 system, which is composed of two very nearby (1 ′′ . 46 or 12.4 kpc in projection) dust and radioemitting components, is possibly in the process of merging, in a phase before the parent nuclei have fully coalesced (see Paper II; Fig. 2 therein, and O. Miettinen et al., in prep.) .
z > 3 SMGs
Our parent sample contains 12 SMGs that lie at z > 3 (six of which were analysed in the present work), i.e. at the formation epoch of z ∼ 2 cQGs . As shown in Sect. 3.4, a comparison with the stellar mass-size relationship of z ∼ 2 cQGs supports an evolutionary link between these high stellar-density systems and our z > 3 SMGs, in accordance with the results of Toft et al. (2014) . To further quantify this evolutionary path, we follow the approach of Toft et al. (2014) , and compare the stellar mass distributions of our z > 3 SMGs and z ∼ 2 cQGs. In Fig. 11 , we plot the mass distribution of our z > 3 SMGs, and the stellar masses of the spectroscopically confirmed z ∼ 2 cQGs from Krogager et al. (2014; their Table 2 ). To estimate the final stellar masses of the z > 3 SMGs, we adopt the CObased molecular gas masses available for AzTEC1 and AzTEC3 (see Appendix D), and assume a value of M gas ∼ 10 11 M ⊙ -the average of the gas masses of AzTEC1 and 3 -for the remaining four sources. Following Toft et al. (2014) , we assumed that 10% of the gas mass is converted into stars by the end of the starburst (this star formation efficiency is based on the hydrodynamic simulations by Hayward et al. (2011) as described in Toft et al. 2014) . We note that the time interval between z > 3 and z ∼ 2 is 1.1 Gyr, which is much longer than the gas depletion timescale in SMGs; for comparison, the depletion timescale we derived for AzTEC1 and AzTEC3 is only 86 The derived final stellar mass distribution is shown by the blue histogram in Fig. 11 . A two-sided K-S test between this mass distribution and the Krogager et al. (2014) cQG M ⋆ distribution yielded a K-S test statistic of D = 0.36 and a p-value of p = 0.55, suggesting that the two distributions might share a common parent distribution, which would further support the evolutionary link between z > 3 SMGs and z ∼ 2 cQGs. However, given the small sample sizes, this comparison should be considered with caution in mind.
As another gas mass estimate (for the sources other than AzTEC1 and 3), we used the method adopted by Toft et al. (2014) , namely the gas-to-dust mass ratio-metallicity (δ gdr − Z) relationship derived by Leroy et al. (2011) in combination with the stellar mass-metallicity (M ⋆ − Z) relationship from Genzel et al. (2012 and references therein) . Using the MAGPHYS-based M ⋆ and M dust values, we could then estimate the gas masses, and hence the final stellar masses under the assumption of a 10% star formation efficiency. The resulting distribution is shown by the magenta dashed histogram in Fig. 11 . The median values of the two estimated final stellar mass distributions (the blue and magenta dashed histograms) are the same (log(M ⋆ /M ⊙ ) = 10.97), and a K-S test performed between the final stellar mass distribution shown by the magenta dashed line and the z ∼ 2 cQG M ⋆ distribution yielded the same results as above (D = 0.36 and p = 0.55). We emphasise, though, that larger sample sizes are required to better test the validity of the aforementioned stellar mass-metallicity relationship, because it is based on the analysis of z ∼ 2 galaxies, and hence its applicability for z > 3 SMGs is questionable (see also Toft et al. 2014) . Indeed, the gas-todust mass ratios derived through the empirical relationships for AzTEC1 and 3 are 123 and 119, respectively, which are about 1.4 and 3.6 times higher than the observed values (Appendix D).
At this point, we conclude that on the basis of the mass-size relationship and the stellar mass distribution analyses presented here, the evolutionary connection between z > 3 SMGs and z ∼mergers can then turn them into the giant ellipticals seen in the present-day universe ).
z ≤ 3 SMGs
While the above discussion concerns the z > 3 SMG population, most of the SMGs in our parent sample lie at z ≤ 3 (18 sources with either a spectroscopic or photometric redshift, plus seven lower redshift limits at z < 3; 10 sources at z ≃ 1.6 − 3 were analysed here). Because there are also cQGs at z < 2 (see e.g. the sample of 0.9 < z < 1.6 cQGs in Belli et al. 2014) , one could think of a scenario where z 3 SMGs represent their progenitors. However, our z ≤ 3 SMGs already have a considerable stellar mass content of M ⋆ ∼ 1.8 × 10 10 − 4.9 × 10 11 M ⊙ with a median of 2.3 × 10 11 M ⊙ , while for example the Chabrier (2003) IMF-based stellar masses of the 0.9 < z < 1.6 cQGs from Belli et al. (2014) are M ⋆ ∼ 1.9 × 10 10 − 2.2 × 10 11 M ⊙ with a median of 7 × 10 10 M ⊙ . Since the stellar masses of our z ≤ 3 SMGs are already higher on average than those of the Belli et al. (2014) cQGs, an evolutionary link between these two populations seems very unlikely, although we note that our SMG subsample here consists of only 10 sources, which prevents us from making any firm conclusions. On the other hand, it has been shown that also lower-redshift (z ≤ 3) SMGs have the potential to evolve into the present-day passive ellipticals (Swinbank et al. 2006; Simpson et al. 2014 ). For instance, based on the H-band magnitude and space density comparisons, and the stellar age analysis of local ellipticals, Simpson et al. (2014) showed that the properties of their sample of 77 ALESS SMGs with a median redshift of z phot = 2.3 and local ellipticals agree well with each other, which strongly supports an evolutionary connection between them. Based on the stellar population ages of quiescent, red z ∼ 1.5 − 2 galaxies (e.g. Whitaker et al. 2013 ), concluded that those stellar populations were formed at a cosmic epoch consistent with the median redshift of their SMGs, and hence the passive z ∼ 1.5 − 2 galaxies could descend from the z 3 SMGs, and ultimately turn into today's ellipticals. It is unclear, however, how our z ≤ 3 SMGs fit into this scenario because their median stellar mass is about three times higher than those of the z ≃ 1.6 − 2.8 ALESS SMGs from da Cunha et al. (2015) . Perhaps they have the potential to evolve into very massive red galaxies at z ∼ 1 − 2, and then undergo mergers and grow to the most massive ellipticals seen today.
Overall, our study of the COSMOS/AzTEC SMGs supports a scenario where the present-day massive ellipticals formed the bulk of their stars in a vigorous starburst in the early universe. This in concert with the finding that many of our SMGs populate galaxy overdensities or even protoclusters ; Paper III), suggest we are witnessing the formation process of the massive, red-and-dead ellipticals that are found to reside in rich galaxy clusters today.
Summary and conclusions
We have studied the physical properties of a flux-limited sample of SMGs in the COSMOS field. The target SMGs were originally uncovered in a 1.1 mm continuum survey carried out with the AzTEC bolometer, and followed up with higherresolution interferometric (sub)millimetre continuum observations. Our main results are summarised as follows: 1. We have used the new version of the MAGPHYS code of da Cunha et al. (2008 Cunha et al. ( , 2015 to interpret the observed panchro- Fig. 11 . Stellar mass distribution of our z > 3 SMGs (green histogram), and z ∼ 2 cQGs (Krogager et al. 2014; red histogram) . The blue histogram shows the distribution of the final stellar masses of the z > 3 SMGs by assuming that 10% of their putative gas mass content is converted into stars by the end of the ongoing starburst event, while the magenta dashed histogram represents the final stellar mass distribution where M gas is based on the mass-metallicity relationship (see text for details). The CO-based gas mass estimate was adopted for AzTEC1 and AzTEC3 (Appendix D).
matic SEDs of a sample of 16 of our SMGs, which lie at redshifts of z ≃ 1.6 − 5.3. Based on this analysis, we derived the following median values and 16th and 84th percentiles for the stellar mass, total (8 − 1 000 µm) IR luminosity, SFR, sSFR, dust temperature, and dust mass: log(M ⋆ /M ⊙ ) = 10.96 −0.33 , respectively. Our stellar masses and dust temperatures are similar to those of the 870 µm-selected ALESS SMGs that are equally bright to our AzTEC SMGs (da Cunha et al. 2015) , while the other parameter values for our SMGs are ∼ 1.5 − 2 times higher on average. However, given the spread of the values (the 16th-84th percentile ranges), the latter discrepancies are not statistically signifcant. Nevertheless, part of this discrepancy is potentially caused by the different observed wavelengths of the two SMG samples (i.e. λ obs = 1.1 mm versus λ obs = 870 µm). 2. When compared with the galaxy main-sequence as defined by Speagle et al. (2014) , our SMGs lie by a factor of 0.3
−0.2 to 13.0 +0.0 −0.6 above the main sequence. The median SFR/SFR MS ratio is found to be 4.6 +4.0 −3.5 , and most (63%) of the target SMGs can be considered starbursts. 3. The 3 GHz radio sizes of our SMGs measured in Paper II were used in conjunction with the present stellar mass values to examine their possible stellar mass-size relationship.
In particular, the radio sizes of the z > 3 SMGs appear fairly consistent with the z ∼ 2 cQGs' mass-size relation, supporting a scenario where the high-redshift SMGs experience a cQG phase at z ∼ 2 ). 4. We used 325 MHz GMRT data in conjuction with the 1.4 GHz and 3 GHz VLA data to investigate the radio SED properties of our SMGs. A radio SED could be constructed for 19 SMGs in total, where each source was detected at least in one of the aforementioned radio bands. The median radio spectral index measured between the observed frame Article number, page 17 of 26 +0.28 −0.42 , which is consistent with the canonical radio synchrotron value (α ≃ −0.8 . . . − 0.7). 5. We found evidence of both spectral flattening and steepening in the radio SEDs of our SMGs, which are indicative of different cosmic-ray energy gain and loss mechanisms taking place in these sources. In the case of the z phot ≃ 1.8 SMG AzTEC4, which shows the flattest radio spectral index derived here (α > −0.18), the flattening could be due to a nonnegligible contribution of thermal free-free emission, which is estimated to be at least one-third of the observed-frame 3 GHz flux density for this source. 6. We found an indication for an anti-correlation between distance from the galaxy main sequence and 3 GHz radio size. This suggests that starburst SMGs are more compact, and hence more susceptible to free-free absorption. 7. The present data allowed us to study the IR-radio correlation among our SMGs. This was quantified by calculating the total-IR q parameter, and its median value was determined to be q = 2.27
+0.27 −0.13 . This is in very good agreement with the flux-limited (i.e. equally bright) ALESS SMGs' median q parameter of 2.29 ±0.09 (recalculated from Thomson et al. 2014 ). We found a statistically insignificant hint of negative correlation between the q parameter and the source redshift in the binned average data. The weakness of this q evolution might be partially caused by the selection effect of our SMGs being essentially IR-selected, but not necessarily detected at the rest-frame 1.4 GHz used to calculate q. This can bias the q parameter towards higher values, and flatten the q(z) distribution. Some of the observed low and high q values compared to the local median value could be linked to the source evolutionary phase. 8. The two high redshift SMGs in our sample that benefit from previous CO line data, AzTEC1 and AzTEC3, were analysed in further details (see Appendix D). These SMGs are found to form stars near or at the Eddington limit, where the process of star formation can exhaust the gas reservoir in only 86 +15 −14 and 19
+1
−0 Myr, respectively. The current stellar and gas mass estimates for AzTEC1 and 3 suggest they can both evolve to have a final stellar mass of > 10 11 M ⊙ . Overall, the results of our study support the general view of high-z (z 3) SMGs being the progenitors of the presentday giant, gas-poor ellipticals, mostly sitting in the cores of galaxy clusters. Notes. The second row of the table gives the name of the instrument used to measure the flux density. The quoted Herschel flux density uncertainties refer to the total error, i.e. instrumental plus confusion noise. We place a 3σ flux density upper limit for the non-detections. The Herschel flux density upper limits include the confusion noise.
(a) From Casey et al. 2013. (b) From Younger et al. 2007 , 2009 (c) From Scott et al. 2008 , except for AzTEC24b the AzTEC 1.1 mm flux density is from Aretxaga et al. 2011 (see Appendix B.1) . For sources resolved into multiple components at ∼ 2 ′′ resolution (AzTEC11, 17, 21, 26), a component's S 1.1 mm value was estimated using the relative flux densities measured interferometrically. The single-dish 1.1 mm flux density of AzTCE19 can be fully assigned to the component AzTEC19a because the secondary component AzTEC19b lies 10 ′′ . 6 away from the phase centre, and could be spurious (see Paper I and Appendix B.2 herein).
(d) The 1.3 mm flux density given in the last column was determined with either ALMA (M. Aravena et al., in prep.) or PdBI (Paper I); these are marked with "(A)" or "(P)", respectively.
(e) For AzTEC1 we also have a 870 µm flux density of S 870 µm = 14.12 ± 0.25 mJy measured with ALMA (Cycle 2 project, PI: A. Karim), and a PdBI 3 mm flux density of S 3 mm = 0.30 ± 0.04 mJy (Smolčić et al. 2011) .
(f) For AzTEC3 we additionally have a 1 mm flux density of S 1 mm = 6.20 ± 0.25 mJy from the ALMA observations by Riechers et al. (2014) .
Article number, page 20 of 26 Karim et al., in prep.) . AzTEC5, 8, and 11 each have two radio components at 1.4 and 3 GHz (see Paper II), which are blended in the large GMRT beam FWHM. To estimate the S 325 MHz values of these components, we divided up the observed flux density in the same proportion as that seen in the 1.4 GHz data.
(b) The values of S 1.4 GHz were taken from the COSMOS VLA Deep Catalogue May 2010 except for AzTEC1, 8, and 11, for which we use the values from Paper II (Table 4 therein) .
(c) The 3 GHz flux densities are adopted from Paper II (Table 2 therein).
z value of z phot = 0.70 +0.01 −0.01 , in fairly good agreement with the corresponding spec-z. Hence, it seems possible that the spectroscopic redshift measurement towards AzTEC17a was contaminated by radiation from this foreground galaxy.
Moreover, the redshifts of AzTEC4, 5, AzTEC9, 12, 15, and 24b have been recomputed using the COSMOS2015 photometric catalogue (Laigle et al. 2016) as part of the redshift distribution analysis of the ALMA-detected ASTE/AzTEC SMGs (D. Brisbin et al., in prep.) .
For AzTEC4, the nominal value of the updated redshift of z phot = 1.80
+5.18
−0.61 is much lower than the previous estimate (z phot = 4.93 +0.43 −1.11 ; Smolčić et al. 2012 ), but we note that the photometric redshift of this source suffers from very large uncertainties.
In the case of AzTEC5, the updated redshift of z phot = 3.70 −0.58 . We note that a spec-z of z spec = 1.357 has been measured for AzTEC9, but it is based on a relatively weak spectrum (M. Salvato et al., in prep.) , and is therefore quite uncertain. Nevertheless, this spec-z is comparable to a photo-z of z phot = 1.07
−0.10 previously derived for AzTEC9 by Smolčić et al. (2012) . We also note that the COSMOS2015 catalogue (Laigle et al. 2016 ) gives a secondary photo-z solution of z phot = 4.55 for a source lying 0 ′′ . 88 from AzTEC9 (ID763214). Moreover, Koprowski et al. (2014) Finally, for AzTEC24b we have computed a redshift of z phot = 1.90 +0.12 −0.25 on the basis of a new counterpart identification enabled by our new ALMA data (cf. Paper I). Our PdBI 1.3 mm source AzTEC24b lies 2 ′′ . 55 NE of a 1.3 mm-detected ALMA SMG (M. Aravena et al., in prep.) . We can attribute this nominally large offset to the poorer quality of the PdBI data than the corresponding ALMA data.
Appendix B.2: SED fits of other sources
In Fig. B .1, we show the SED fits for AzTEC2, 6, 19b , and 26a. In the case of AzTEC2, the lack of UV/optical to NIR data does not allow a meaningful MAGPHYS fit, and hence the derived properties, like the stellar mass, could not be constrained. Moreover, AzTEC2 might lie at a higher redshift than z spec = 1.125 because it is found to be the brightest 2 mm source in the IRAM/GISMO (Institut de Radioastronomie Millimétrique/Goddard-IRAM Superconducting 2 Millimetre Observer) 2 mm survey of the COSMOS field (A. Karim et al., in prep.) , and it is possibly affected by galaxy-galaxy lensing. As discussed in Paper I (Appendix B therein), the redshift of AzTEC6 is also uncertain. As shown in Fig. B .1, the assumption that the SMG lies at z spec = 0.802 does not yield a satisfying SED fit, but it rather suggests a higher redshift (cf. AzTEC17a). Indeed, a non-detection of AzTEC6 at 1.4 GHz suggests a redArticle number, page 21 of 26 shift of z > 3.52 (Paper I). For AzTEC11-N, the optical to NIR photometry was manually extracted from the ALMA 1.3 mm peak position due to the nearby source AzTEC11-S. However, no reasonable SED fit could be obtained for this source. The derived SED fits for AzTEC19b and 26a are also poor. Given that AzTEC19b was identified at the border of the PdBI primary beam, and the counterpart of AzTEC26a lies 0 ′′ . 94 away from the PdBI emission peak (Paper I), these sources are potentially spurious.
Appendix B.3: Revised SMG sample statistics
Given the aforementioned revised properties of our SMGs, and the fact that two more SMG candidates from our PdBI 1.3 mm survey (Paper I), AzTEC24a and 24c, were not detected at 1.3 mm with ALMA (M. Aravena et al., in prep.) , and are hence very likely to be spurious, we are now in a position where we can revise the statistical properties of our sample. Of the 30 singledish detected sources AzTEC1-30, only up to 5 appear to be resolved into multiple components at an angular resolution of about 2 ′′ (AzTEC29 being an uncertain case; Paper I). This suggests a revised multiplicity fraction of ∼ 17% ± 7% among our target SMGs. The revised sample mean and median redshifts are z = 3.19 ± 0.21 and 3.00 ± 0.26, respectively, which are consistent with those reported in Paper I (3.19 ± 0.22 and 3.17 ± 0.27). The fraction of 3 GHz detected SMGs in our sample is revised to be 51% ± 12% (cf. Paper II). Assuming the new redshift values for some of our SMGs, the median 3 GHz major axis FWHM is derived to be 4.2 ± 1.1 kpc (4.1 ± 1.0 kpc) for the cosmology adopted therein (in the present work), which is the same as reported in Paper II (4.2 ± 0.9 kpc). 
+23
−19 , and a gas fraction of f gas = M gas /(M gas + M ⋆ ) ≃ 65%. We note that Yun et al. (2015) assumed a value of α CO = 0.8 M ⊙ (K km s −1 pc 2 ) −1 for the conversion factor from CO line luminosity to molecular gas mass. The [C ii] fine-structure line luminosity of L [C ii] = (7.8 ± 1.1) × 10 9 L ⊙ reported by Yun et al. (2015) suggests a molecular gas mass of M gas ∼ 5.4 − 10.7 × 10 10 M ⊙ (see Swinbank et al. 2012 and references therein), the highest value being close to the aforementioned CO-based estimate. Yun et al. (2015) concluded that AzTEC1 is one of the most [C ii] deficient objects known, and using our new IR luminosity value we derive a very low L [C ii] /L IR ratio of 0.0005
Assuming that AzTEC1 has sustained its current SFR continuously, we can estimate its characteristic stellar mass buildingup timescale to be τ build = M star /SFR = sSFR −1 ≃ 47 +2 −2 Myr (e.g. Seymour et al. 2012; Tan et al. 2014) . This is comparable to the 45 Myr starburst age adopted by Yun et al. (2015) in their SED modelling, and a factor of 1.4 +0 −0.1 higher than the MAGPHYS-based mass-weighted age of 34 Myr. We can also use the gas mass and SFR to calculate the gas depletion timescale of τ dep = M gas /SFR ≃ 86 +15 −14 Myr. Hence, τ build ≃ 0.5 +0.2 −0.1 ×τ dep . Yun et al. (2015) also concluded that τ build ∼ τ dep for AzTEC1, and they suggested that the stellar content of this SMG could have been fully built up during the current starburst phenomenon. The value of τ dep can be used to calculate the star formation efficiency as SFE = SFR/M gas = τ −1 dep . We obtain a value of SFE = 12 +2 −2 Gyr −1 . The Eddington-limited SFE is believed to be SFE = L IR /M gas = 500 L ⊙ M −1 ⊙ , above which the radiation pressure from high-mass stars expels the gas out of the system (Scoville 2003 (Scoville , 2004 . A similar Eddington limit can also be set by cosmic-ray pressure feedback (Socrates et al. 2008 ). For AzTEC1 we derive a value of SFE = 116 −0.7 lower than the Eddington limit determined by the aforementioned negative feedback. However, if star formation is proceeding in compact, individual regions, those regions can be Eddington limited although the galaxy-integrated SFR appears sub-Eddington (e.g. Simpson et al. 2015 and references therein).
In Paper II, we derived the rest-frame FIR size (deconvolved FWHM at λ rest = 163 µm) of AzTEC1 to be 0 ′′ . 39 Based on a dynamical mass analysis (M dyn = M ⋆ + M gas , if the dark matter contribution is not important), Yun et al. (2015) concluded that the gas disk of AzTEC1 has to be viewed nearly face-on with an inclination angle of i 12
• . If we use the aforementioned major axis FWHM as the diameter, and our new stellar mass value for AzTEC1 to recalculate the dynamical mass from Yun et al. (2015) , we obtain M dyn = 1.5 × 10 10 M ⊙ × (sin i) −2 , which implies a similar constraint on the inclination angle, namely i 16
• . Yun et al. (2015) pointed out that the nearly face-on orientation of AzTEC1 offers a natural explanation for this SMG being so bright in the optical bands. The fact that the ALMA-based FIR size obeys θ min ≃ 0.79 × θ maj is in fairly good agreement with the conclusion of AzTEC1 being seen nearly face-on: for a simple disklike geometry, θ min = θ maj × cos(i), which yields i = 37 • .4, i.e. about a factor of 2.3 larger inclination angle than the upper limit we obtain from the dynamical mass constraint. Besides the intrinsic uncertainties in the mass estimates, some of this discrepancy can be partly caused by the fact that Yun et al. (2015) used the [C ii] linewidth to calculate the rotation velocity of the disk, while the region responsible for the FIR continuum emission is probably more compact and can have a somewhat different tilt angle (cf. Riechers et al. 2014 ; see also Paper II and O. Miettinen et al., in prep.) . For comparison, the 3 GHz radio size of AzTEC1 obeys θ min ≃ 0.64 × θ maj (Paper II), which suggests i = 50 • .1. The final stellar mass of AzTEC1 can be estimated to be M ⋆, final = M ⋆ + M gas ≃ M dyn ∼ 2.2 × 10 11 M ⊙ assuming that the galaxy does not undergo gas replenisment by accreting from the circumgalactic and/or intergalactic medium and does not expel the existing gas out. In this scenario, AzTEC1 would evolve into a massive elliptical galaxy in the present-day universe.
Using the aforementioned rest-frame FIR size, we derive a SFR surface density of Σ SFR = SFR/A = 378 +28 −22 M ⊙ yr −1 kpc −2 , where the area is defined by A = π×FWHM maj /2×FWHM min /2. Our Σ SFR value is a factor of 2.6 +0.2 −0.1 below the Eddington limit for a radiation pressure supported starburst of Σ Edd SFR ∼ 10 3 M ⊙ yr −1 kpc −2 (e.g. Andrews & Thompson 2011) , and consistent with the aforementioned Eddington-limited SFE comparison. Similarly, using our IR luminosity value, we can derive a L IR surface density of Σ IR = L IR /A = 3.8 AzTEC3 is the best-studied, highest-redshift, and one of the most peculiar SMG in our sample. In Fig. D .1, we illustrate the position of the foreground galaxy with respect to AzTEC3 that has probably contaminated the UV/optical photometry in previous studies as mentioned in Sect. 3.1 (see also Younger et al. 2007 ; their Fig. 1 ). In the present work, this was revealed by the inconsistency between the optical photometry and the Lyman continuum discontinuity at λ rest = 911.8 Å in our initial SED analysis (cf. Fig. 4 in Smolčić et al. 2015) . A visual inspection of the optical-NIR images towards AzTEC3 suggests that NIR emission at and longward of Y band (λ rest = Article number, page 24 of 26 1 620 Å) can be (partly) attributed to the SMG, while the shorter wavelength emission is due to the aforementioned interloper. Below, we revisit some of the ISM and star formation properties of AzTEC3 in tandem with the present results. Based on the VLA and PdBI observations of multiple rotational lines of CO emission, Riechers et al. (2010) derived a gas mass of M gas = 5.3 × 10 10 M ⊙ for AzTEC3 (α CO = 0.8 M ⊙ (K km s −1 pc 2 ) −1 was assumed). Using the dust and stellar masses we have derived, we obtain a gas-to-dust mass ratio of δ gdr ≡ M gas /M dust = 33 +28 −18 , and a gas fraction of f gas = M gas /(M gas + M ⋆ ) ≃ 37%. We note that the [C ii] luminosity reported by Riechers et al. (2014) , L [C ii] = (6.69 ± 0.23) × 10 9 L ⊙ , suggests a molecular gas mass of M gas ∼ 5.2−8.3×10
10 M ⊙ (see Swinbank et al. 2012) , i.e. only up to a factor of about 1.6 higher than the CO-based value from Riechers et al. (2010) . The [C ii]-to-IR luminosity ratio for AzTEC3, L [C ii] /L IR = 0.0002
, is even lower than for AzTEC1, and makes this SMG an object with an extreme [C ii] deficiency.
Assuming that AzTEC3 has sustained its current SFR continuously, its stellar mass building-up timescale is τ build = M star /SFR ≃ 32 +2 −2 Myr, while the gas depletion timescale is τ dep = M gas /SFR ≃ 19 +1 −0 Myr. For comparison, the MAGPHYSbased mass-weighted age of AzTEC3 is about 22 Myr. A similarly short gas consumption timescale (20-30 Myr) is found for the z = 4.5 SMG J1000+0234 (Schinnerer et al. 2008) , and the z = 4.05 SMG GN20, which is also a protocluster member (Daddi et al. 2009 ) similar to AzTEC3 . Given the τ dep /τ build ratio of ∼ 0.6 +0.1 −0 we derive for AzTEC3, its present stellar mass could have been fully built up during the current starburst episode, like concluded for AzTEC1 above. The value of SFE = SFR/M gas = τ 10 M ⊙ for AzTEC3. We can use the aforementioned gas mass and our new stellar mass to estimate the dynamical mass as M dyn ≃ M gas + M ⋆ ≃ 1.4 × 10 11 M ⊙ . This is only about 1.4 times higher than the [C ii]-based value from Riechers et al. (2014) , and given the uncertainty in the mass values, this discrepancy does not seem very significant. The final stellar mass of AzTEC3 can be estimated to be M ⋆, final = M ⋆ + M gas ≃ M dyn ∼ 1.4 × 10 11 M ⊙ , and as found for AzTEC1 above, AzTEC3 could evolve into a massive elliptical galaxy in the present-day universe.
The continuum size at λ obs = 1 mm (λ rest = 159 µm) derived for AzTEC3 by Riechers et al. (2014) , where the nominal value is 2.8 times higher than reported by Riechers et al. (2014;  530 M ⊙ yr −1 kpc −2 ). Our Σ SFR value is consistent with the Eddington limit for a radiation pressure supported starburst of Σ Edd SFR ∼ 10 3 M ⊙ yr −1 kpc −2 (e.g. Andrews & Thompson 2011) , and hence in agreement with the aforementioned Eddington-limited SFE comparison. Similarly, using our IR luminosity value, we can derive a L IR surface density of Σ IR = L IR /A = 1.5 +0.1 −0.6 × 10 13 L ⊙ kpc −2 . This value is similar to that expected for an optically thick starburst disk (∼ 10 13 L ⊙ kpc −2 ; Thompson et al. 2005) . Besides the compact FIR size derived by Riechers et al. (2014) , the high dust temperature we have derived for AzTEC3, T dust = 66.0 +5.1 −8.4 K, suggests that star formation takes place on small spatial scales, and hence the dust grains are subject to a strong radiation field (e.g. Yang et al. 2007; da Cunha et al. 2015 ).
14 In their study of AzTEC3, Dwek et al. (2011) concluded that the dust content of this SMG formed over a period of ∼ 200 Myr, with a constant SFR of ∼ 500 M ⊙ yr −1 and a topheavy IMF. We note that the dust mass they adopted in their analysis, M dust = (2 ± 1) × 10 9 M ⊙ , is only 1.2 +2.2 −0.9 times higher than the value we have derived, but an upper limit of < 5 × 10 10 M ⊙ to the stellar mass they assumed is lower than the value of M ⋆ = 8.9
+0.2 −0.4 × 10 10 M ⊙ we have derived. Since AzTEC3 is seen when the universe was just 1.07 Gyr old, its high dust mass we have derived suggests an efficient dust production, but inefficient dust destruction, by supernovae (cf. the 'dust-budget crisis' in high-z SMGs; Rowlands et al. 2014b ). 14 We searched for a correlation between the 3 GHz radio size and the MAGPHYS-based dust temperature among our SMGs, but only a weak relationship was found (the Pearson correlation coefficient was found to be r = −0.28, while 0 implies no correlation).
